Learning deficits may be part of the early symptoms of Huntington's disease (HD). Here we characterized implicit and explicit aspects of sequence learning in 11 pre-symptomatic HD gene carriers (pHD) and 11 normal controls. Subjects moved a cursor on a digitizing tablet and performed the following tasks: SEQ: learning to anticipate the appearance of a target sequence in two blocks; VSEQ: learning a sequence by attending to the display without moving for one block, and by moving to the sequence in a successive block (VSEQ test). Explicit learning was measured with declarative scores and number of anticipatory movements. Implicit learning was measured as a strategy change reflected in movement time. By the end of SEQ, pHD had a significantly lower number of correct anticipatory movements and lower declarative scores than controls, while in VSEQ and VSEQ test these indices improved. During all three tasks, movement time changed in controls, but not in pHD. These results suggest that both explicit and implicit aspects of sequence learning may be impaired before the onset of motor symptoms. However, when attentional demands decrease, explicit, but not implicit, learning may improve.
Introduction
HD is an autosomal dominant degenerative disease of variable onset characterized by motor abnormalities, cognitive decline, personality changes and psychiatric disturbances. Most frequently, the disease becomes manifest in the third to fifth decade of subjects with 40 or more CAG repeats on chromosome 4 and leads to death 15 or 20 years after onset. HD is usually diagnosed when motor symptoms first appear [1] . Cognitive dysfunction becomes more evident with disease progression [2e4] . However, the severity, the order of appearance and the time course of the different symptoms are very variable [5] and not entirely predictable by the number of CAG repeats [6e8] . Several neuropsychological studies have investigated whether cognitive deficits might be already present in the pre-clinical stages, when motor symptoms are not yet evident, with mixed results [9e11] . Recent studies have shown that pre-clinical cognitive deficits might include impaired executive functions, attention, working memory, organization, sequencing, regulation, perception, and episodic memory [12, 13] . Because of this pattern of cognitive impairment, it is reasonable to expect that explicit learning of sequences might be also altered in absence of overt motor symptoms. Indeed, we have recently found that this was the case [14, 15] .
In this paper, we expand the results of our previous studies by, first, ascertaining whether in subjects with pre-symptomatic HD (pHD), implicit and explicit aspects of sequence learning are differentially impaired. Secondly, by using a sequence learning task that requires less attentional and working memory resources, we determine whether learning improves. We use tasks where subjects are explicitly asked to learn and anticipate the order of appearance of eight targets. We have previously shown that, with these tasks, normal subjects typically learn the order of simple repeating sequences in 90 s or less, either when learning occurs while reaching for targets or when, in a less demanding situation, the sequence order is first learned visually, without moving [16e18]. Learning of the sequence order is reflected by decreases of onset time, as subjects move out of reaction time mode and anticipate target appearance, and measured with discrete variables, such as the number of correct anticipatory movements. In addition, while learning the sequence, subjects prolong their movement time and improve spatial accuracy [17] . The change in movement time, which is accompanied by decreases in the amplitude of peak accelerations, is a measure of skill or implicit learning, as it happens without explicit requests and subject's awareness. This implicit learning occurs in tasks where target anticipation is possible and is seen as a shift from a timesaving (as in reaction time tasks) to an energy-saving (as in timed-response tasks) strategy. In summary, in our sequence learning tasks, the order of the elements is mostly learned explicitly and can be quantified with the number of correct anticipatory movements, while the ability to modulate movement time and thus, to change motor strategy is learned without awareness, implicitly, and can be measured with movement time changes [16e18].
Methods

Subjects
We studied 11 right-handed pHD subjects (five men and six women; mean age: 45.8 AE 11.0 years, range from 33 to 62; CAG repeat length: 41.6 AE 1.8; range: 39e45). They underwent a standardized neurological exam and were administered the functional assessment scale of the Unified Huntington's Disease Rating Scale (UHDRS) [19] . Their scores were: motor: 7.6 AE 9.7; behavioral: 9.5 AE 10.1; independence scale: 100 AE 0; and total functional capacity: 12.9 AE 0.3. Magnetic resonance imaging was performed to exclude potential structural brain lesions.
Controls were 11 neurologically normal subjects (six men and five women; mean age: 46.1 AE 12.9 years, range from 28 to 66 years, Mini Mental State Examination [20] scores >27). Controls and pHD subjects were matched for age and education. Written informed consent was obtained from all participants under a protocol approved by the institutional review boards.
Motor tasks
General features of the motor tasks have been detailed previously [16, 17] . Briefly, subjects moved a cursor on a digitizing tablet with their right hand out and back from a central starting point to one of eight radially arrayed targets at 1.6 cm distance. Subjects were instructed to make uncorrected movements with sharp reversal inside each target. Targets appeared on a screen in synchrony with a tone at a constant interval of 1 s. Testing was done in separate trial blocks of 90 s each, for a total of 88 movements (11 complete movement cycles). All subjects learned to perform the tasks in one or two training sessions the day before testing. Training was complete when performance became stable.
The following tasks were administered:
CCW: Targets appeared in a predictable counterclockwise order. Subjects had to reach the target in synchrony with the tone. Thus, they had to initiate each movement before target and tone presentation. RAN: Targets were presented in a non-repeating and unpredictable order. Instructions were to reach for each target ''as soon as possible'', minimizing reaction time but avoiding target anticipation. For each subject, the floor value of the reaction time distribution, i.e., the lowest onset time, was used to define anticipatory movements in SEQ [17] . SEQ: The eight targets appeared in a repeating order. Subjects were informed that a sequence was to be presented, instructed to learn the order of the sequence while reaching for targets and to anticipate target appearance in two successive blocks (SEQ1 and SEQ2). At the end of each block, they were reported the sequence order and declarative scores (from 0 to 8) were computed [17] . VSEQ: A repeating sequence of eight targets was presented for 11 cycles. Subjects were asked to learn the sequence order without moving. Learning was assessed in a subsequent block, VSEQ test, where subjects were asked to reach for that target sequence as in SEQ.
Data analysis
For each movement we computed: (1) spatial error, the distance from the center of the target to the movement reversal point; (2) movement time, the time from movement onset to the reversal point; and (3) onset time, the time from target and tone presentation to movement onset.
For SEQ1, SEQ2 and VSEQ test we quantified the number of anticipatory movements, i.e., those with onset times lower than RAN floor value, directed to the correct targets. This number reflects explicit learning and is a good predictor of declarative scores [17] .
Statistical analysis
To assess learning across cycles and the differences between groups and tasks we used mixed model analysis of variance (ANOVA) followed, when appropriate, by post hoc comparisons. Results were considered significant for p < 0.05 with Bonferroni correction for multiple comparisons.
Neuropsychological tests
pHD subjects underwent a battery of neuropsychological tests (Table 1) . With the exception of Dementia Rating Scale (DRS), results of all tests were converted in T scores. Scores were considered abnormal when outside 1 SD of the normal range. 
Predictable and random sequences
During CCW, pHD and control subjects made straight out and back movements and anticipated target appearance, with no significant difference in spatial accuracy (pHD: 0.25 AE 0.03 cm; controls: 0.21 AE 0.02 cm). In both groups, onset times, temporal and spatial accuracy significantly improved during the block, as shown previously [21] . However, movements in pHD started later than in controls, had shorter duration but reached the target at the same time as controls (Fig. 1A) .
Movements in RAN were also straight in all subjects. In both groups, reaction and movement times were stable across each block, while spatial accuracy increased (F(1,200) ¼ 6.98, p < 0.0001). Reaction time, movement times and spatial accuracy of pHD were not significantly different from those of controls (Fig. 1B) .
Sequence learning
The results of ANOVA performed for all variables are summarized in Tables 2 and 3 . The results of post hoc comparisons are reported in the main text.
Concurrent visual and motor sequence learning
As subjects attempted to anticipate the upcoming target, some movements were in the wrong direction. The number of correct movements per cycle was similar in the control (7.2 AE 0.55) and pHD (7.1 AE 0.43).
Sequence learning was evident as a progressive decrease in SEQ1 onset time ( Fig. 2A) . In controls, this reduction was more conspicuous and occurred more rapidly than in pHD ( Fig. 2A) . The group differences persisted in SEQ2.
Onset time change in our tasks is the sum of both explicit and implicit learning aspects of a sequence [17] . The number of correct anticipatory movements and declarative scores represents the explicit learning of sequence order; the progressive increase in movement times captures an implicit aspect of skill learning [17] . In the following paragraphs, we describe these two types of learning for the two groups.
Explicit sequence learning. Declarative scores at the end of SEQ1 were significantly lower in pHD compared to controls (Fig. 3) . The number of correct anticipatory movements increased across cycles in SEQ1 for both groups, but at a more rapid rate in controls than in pHD. This group difference persisted in SEQ2 (Fig. 2B) .
Implicit sequence learning. During SEQ1, movement times were different in the two groups: in controls, they increased significantly ( p < 0.005, Fig. 2C ), while in pHD, they were shorter than in controls and showed a small, although not significant, decrement across SEQ1 ( p ¼ 0.09). In SEQ2, the difference between the two groups persisted. Spatial errors decreased across SEQ1 and SEQ2 cycles in both groups, and were higher, although not significantly so, in pHD than in controls (controls, SEQ1: 0.26 AE 0.02 cm, These results indicate that pHD subjects attained some levels of explicit sequence learning, but fail to modulate movement time and, thus, to switch from a time-saving to an energy-saving strategy.
Separate visual and motor sequence learning
Explicit learning of sequence order after visual exposure. Learning was first measured after 88 target presentations with declarative scores. These scores were compared with those obtained after a block of SEQ1, where visual learning occurred together with motor performance. VSEQ declarative scores were similar in the two groups, as were higher than for SEQ1 only in pHD ( p < 0.003), and did not change in controls (Fig. 3) .
VSEQ test. Subjects then performed the visually learned sequence. On average, controls anticipated target appearance from the first movement cycle. In pHD, mean onset time of the first cycle was below reaction time threshold and became negative from the second cycle. However, it never reached the range of the controls (Fig. 2A) . In both controls and pHD, onset times were generally lower in VSEQ test than in SEQ2 ( Fig. 2A ; p < 0.05).
Explicit sequence learning in VSEQ test. The number of correct anticipatory movements increased in the course of VSEQ test in both controls and pHD, with a significant difference between the two groups. However, by the last cycle, this number was the same in the two groups ( p ¼ 0.4, Fig. 2B ). In controls, there was no difference between VSEQ test and SEQ2 ( p ¼ 0.2). In pHD, the number of these movements was higher than in SEQ2 ( p < 0.05).
These findings suggest that the decrease in task demands, as in VSEQ test, had a beneficial effect on pHD explicit learning.
Implicit motor sequence learning in VSEQ test. During VSEQ test, movement times were different in the two groups ( Fig. 2C ): in controls, they increased significantly ( p < 0.02) similarly to SEQ1 and SEQ2 ( p ¼ 0.8). In pHD, they still were shorter than in controls and, like SEQ1 and SEQ2, did not significantly change across cycles ( p ¼ 0.8). Spatial errors decreased in VSEQ test in both groups with a significant difference between controls and pHD (controls: 0.23 AE 0.02 cm; pHD: 0.31 AE 0.03 cm).
Thus, reduced attentional requirements of VSEQ test produced a beneficial effect on explicit learning of sequence order in pHD, but did not improve implicit aspects of sequence learning.
Neuropsychological tests
All pHD had normal DRS scores. However, six pHD had abnormal results in at least one of the test sets, with language and memory sets being more frequently altered (Table 1) . Learning indices of these six subjects did not differ from those of the five with normal neuropsychological scores. However, we found significant correlations (r 2 ¼ 0.70, p < 0.02) between SEQ1 anticipatory movements and the scores of Stroop test, oral SDMT and attention matrix indexes and between VSEQ declarative scores and the same neuropsychological tests.
Discussion
The current study is the first that simultaneously characterizes implicit and explicit learning attributes in pHD and found that both are abnormal prior to the clinical onset of the clinical symptoms. This is observed either when a sequence is learned while reaching for targets or, in a less demanding task, when a similar sequence is first learned visually. Interestingly, the development of implicit motor learning, defined as a switch from a time-saving to an energy-saving strategy is equally impaired in the two tasks with a relative sparing of spatial Table 2 ANOVA: differences between groups (pHD, controls), tasks (SEQ1, SEQ2, VSEQ) and cycles (n = 11) A. Onset time, plotted as a function of movement cycles, significantly decreases in SEQ1 (circles) but at more rapid pace in controls than in pHD. The group difference persisted in SEQ2 (diamonds). After visual exposure, pHD onset times for the sequence performed in VSEQ test (squares) were lower than SEQ2 (F(1,40) ¼ 4.9, p < 0.05), but were still different than controls. B. Number of correct anticipatory movements per cycle increases during SEQ1 block with a significant difference between controls and pHD. Group differences were less evident in SEQ2 and VSEQ. In VSEQ test, the number of anticipatory movements was significantly higher than in SEQ2 only for the pHD group (F(1,40) ¼ 4.2, p < 0.05). C. In normal subjects movement time increased during SEQ1 and further raise, although not significantly so, in SEQ2. In VSEQ test it increased similarly to SEQ1. In pHD, movement times of SEQ1 first cycle were not different from controls; however, unlike in controls, there was no increase in the course of either SEQ1, SEQ2 or VSEQ test blocks.
accuracy, whereas in the latter task, explicit learning of a sequence order is better than in the former.
Explicit and implicit aspects of motor sequence learning are impaired in pHD
Previous studies in both HD and pHD have reported abnormalities in a variety of explicit and implicit learning tasks and in neuropsychological tests [12,13,22e25] , suggesting that HD affects circuits involving dorsolateral prefrontal cortex (DLPFC) and the striatum even before the clinical manifestation of motor signs. The few studies on implicit motor learning in HD and pHD have shown skill learning impairment with rotary pursuit [26e28], mirror-reversed reading [29] , prism [30] and force field adaptation [31] . More variable results were obtained with implicit sequence learning tasks using serial reaction time paradigms [32, 33] . Our results show, for the first time, impairment of both the implicit and explicit components of sequence learning. In our motor learning task, subjects are required to learn the sequence order and to anticipate target appearance with fast movements. Thus, the learning of the sequence order, the explicit component, is evident as a progressive increase in the number of correct anticipatory movements, which is a sensitive measure of explicit and declarative learning because of its high correlation with declarative scores [17] . A second type of learning occurs implicitly together with sequence order: in the course of the block, without awareness, normal subjects prolong movement time, decrease peak acceleration and increase endpoint accuracy. The temporal and spatial changes are measures of skill acquisition as they reflect implicit processes that optimize movement spatial and temporal accuracy [17] . The explicit and implicit learning indexes show different patterns of memory stabilization or consolidation (Ghilardi, unpublished data) and, as also suggested by other works [34] , probably encompass separate neural substrates. We have previously found that abnormal explicit sequence learning in pHD is accompanied by increased activation in the caudate and orbitofrontal cortex, as possible compensatory mechanisms for a deficient activation of DLPFC [15] . The correlation between explicit learning indexes and scores of neuropsychological tests of working memory and attention further substantiated the involvement of DLPFC in the explicit acquisition of the sequence order. The results of the present study additionally suggest that implicit learning of temporal aspects, akin to skill formation, are impaired in pHD. The neural substrate for this type of implicit skill learning includes areas such as SMA, pre-SMA and prefrontal cortex [34e36]. All these cortical areas and DLPFC are part of parallel loops that include the putamen and the caudate [37] , two regions that show robust decreases of gray matter volumes in the early HD [38] . The alterations of both implicit and explicit aspects of learning could be attributed to early changes in the caudate and putamen of pHD, as suggested by Hikosaka and coworkers [34] . They postulate that sequence learning is possibly based on the activity and interaction of two systems, the visual and the kinetic, a categorization that parallels our division in ''explicit'' and ''implicit'' learning attributes. The neural counterparts of these systems are basal ganglia loops: the visual system is based on the DLPFC loop that encompasses the anterior striatum, while the ''kinetic'' or motor system includes SMA and the putamen loop and involves the primary motor cortex, the prefrontal cortex and pre-SMA. Their model predicts that early atrophy in those basal ganglia regions might manifest with impairment in both the explicit, visually based, and the implicit, kinetically based, learning, as we have found in pHD.
Decreased attentional demands benefit explicit but not implicit learning
Another important result of this study is that the indexes of explicit learning improved when pHD subjects were required first, to learn the sequence order and then, to perform the motor sequence. Their declarative score at the end of the visual exposure was higher compared to SEQ1 and the number of correct anticipatory movements in VSEQ test, increased compared to SEQ2, almost reaching the controls' range. Thus, explicit learning in pHD might benefit from decreased demands. These results further suggest that attentional and working memory capacities are decreased and point to early alterations of the DLPFC loop.
In contrast to the partial recovery of explicit learning, implicit learning in VSEQ test did not improve. This dissociation suggests that, even before the appearance of clinical motor symptoms, the kinematic loop responsible for skill formation is altered so that, despite the learning of a substantial portion of the sequence order, pHD subjects cannot properly modulate movement time and spatial accuracy. This result points to a dysfunction of the feedback control mechanisms and confirms previous findings of alterations of on-line error correction during adaptation to force fields in pHD and HD [31, 39] . We also found that reaction and movement times as well as spatial accuracy of pHD are relatively preserved in movements to randomly appearing targets (Fig. 1B) . However, CCW movement times are significantly lower in pHD than in controls (Fig. 1A) and spatial errors are slightly increased. Follow-up studies are needed to verify whether these changes represent an initial disruption of feedback control mechanisms. The neural bases of the implicit learning deficits and the alteration in trajectory formation probably reside in the motor loop that encompasses putamen, SMA, primary motor and the prefrontal cortices.
Conclusions
Implicit and explicit aspects of sequence learning are affected in pHD, even when motor symptoms are not clinically present. Explicit but not implicit indexes improve by decreasing attentional and working memory demands. Altogether, these results point to an early involvement of multiple basal ganglia loops in pHD.
